Modern nanoscale engineering offers us a controllable way to build and design materials from nanoscale building-blocks. [1] [2] [3] [4] Among many interesting research topics in the field of nanoscience and nanotechnology, semiconductor quantum dots (QDs) and more complex quantum-dot molecular structures (QMSs) are important keys for realizing novel photonic, spintronic and quantum information devices including nanoscale solid-state lighting, 5 entangled photon sources for quantum teleportation, quantum cryptography and distributed quantum computation, [6] [7] [8] and spin light-emitting devices and quantum information processing utilizing electron spins. [9] [10] [11] This is largely motivated by the expectations that QDs are efficient light emitters and possess long electron spin relaxation/coherence time. 12, 13 The photons emitted from the QDs are a result of excitonic recombination, which is associated with electron-heavy hole (e-hh) exchange-coupled pairs in most of the known semiconductor QD systems. It has now been well established that an anisotropic exchange interaction (AEI) can split the doublet of the bright neutral exciton states into two spinmixed, linearly polarized |H and |V exciton states, commonly referred to as a fine-structuresplitting (FSS). 14 In highly strained self-assembled InAs/(Al)GaAs QDs, FSS has been shown to be in the range of 40-1000 µeV 15 . This strong variation in FSS was suggested to be governed by effects of strain-and shape-induced wave function asymmetry of the excitons. [15] [16] The appearance of FSS becomes a major problem in many applications exploiting QDs. For example, FSS results in two distinguishable paths of exciton-biexciton cascade decays of different polarizations, inhibiting entanglement of the resulting photon pairs necessary for quantum information applications. Moreover, the presence of FSS signifies a reduced symmetry of the zero-dimensional quantum emitters where AEI induces strong electron spin relaxation and mixing of exciton spin states, undesirable for future applications in spintronics, spin-photonics and spin-based quantum information processing. During the past decade, we have witnessed intense research efforts and achievements in suppressing FSS by nanoscale engineering, e.g. droplet epitaxy to achieve lattice matched QD systems, 17 shape-controlled growth by nano-hole filling, 18 and fabrication of QDs on a high-symmetry crystallographic plane (111)A 19 or (111)B substrate. 20 In this work, we demonstrate a different approach, namely geometrical engineering of selforganized QMSs, where FFS even in a strained QD system such as InAs/GaAs QDs can be significantly reduced to a limit similar to that achieved in strain-free QDs. This approach is attractive as the growth procedure is rather simple, using an uninterrupted molecular beam epitaxy (MBE) process within a single growth run, 21, 22 and does not require lattice-matching, special substrate orientations, nanolithography and site-controlled growth that could often be technically challenging and costly.
Results/Discussion
Typical atomic force microscopy (AFM) images of the studied QMSs are shown in Fig.1 
(a)-(d).
First of all, all QMSs in a given sample are rather uniform in their overall sizes as a whole though the sizes of individual QDs forming each QMS noticeably differ. The QRs are slightly elongated along a 〈110〉 crystallographic axis in the (001) plane. For the DQDs, the two dots constituting a DQD were preferably aligned along the The zero-dimensional nature of the studied QMSs was confirmed by the observation of discrete sharp excitonic emission lines, as revealed in our µPL studies of individual QR, DQD and QC shown in Fig.1 (e)-(h). The spectral linewidth of ~15-35 µeV is in agreement with previous studies of QMSs. [23] [24] [25] We note that this linewidth is much larger than what is expected from the lifetime broadening or the spectral resolution of our instrument (~5 µeV). We believe that the main reason for the observed inhomogeneous broadening of the PL linewidth is the random fluctuations of local potentials as a result of e.g. fluctuating electric fields induced by charges at neighboring
QDs and C-acceptors in the GaAs layers. 26 By measuring µPL spectra in two orthogonal polarization directions, the doublet nature of the bright exciton ground states can be clearly 
where Imax(Imin) defines the maximum (minimum) PL intensity for a given PL line. The phase  is the angle at which the concerned PL line reaches Imax, which corresponds to the angle between the optical polarization axis and the [11 ̅ 0] axis. An example of such simulations is given by the solid lines in Fig.2(b) , where the lower-energy line is found to be polarized along the [11 ̅ 0] direction whereas the higher-energy line is orthogonally polarized (i.e. along the [110] axis). This polarization behavior is characteristic for an AEI-induced FSS of the bright neutral exciton states. 14 As illustrated in Fig.2(c) , without AEI the two bright states of the neutral excitons are two-fold degenerate with the eigenstates of |+1 and |-1 that are  σ and  σ active, respectively. The electron spin is preserved in these hh exciton states, namely, electron spin-down in |+1 and electron spinup in |-1. The action of a non-zero AEI reduces the symmetry (for example from D2d to C2v), which lifts the degeneracy of the doublet and splits it into two non-degenerate exciton sublevels denoted by H and V. Their eigenstates are
respectively, in which the electron spin states are strongly mixed. These two sublevels give rise to two linearly and orthogonally polarized PL lines, i.e. can be contributed by both neutral excitons with FSS  < 5 eV (thus unresolved due to the spectral resolution of our -PL system) and charged excitons such as positive and negative trions that remain spin degenerate due to the Kramers theorem. Since these two contributions cannot be definitely separated experimentally, no reliable data points for the concerned neutral excitons can be obtained. However, one would expect that such data points should fall within the statistical distributions given in Fig.3(a) -(h). Two prominent features can clearly be seen from the results shown in Fig.3(a)-(h) . Firstly, the FSS in the DQDs is found to be noticeably larger than that obtained in the QRs and the QCs, both in 27, 28 Consequently, the observed FSS of such a localized exciton is expected to be primarily determined by the anisotropy of the confinement potential in the QD where the exciton is localized. As the FSS induced purely by atomistic asymmetry is expected to be small (< 10 eV), 29 the observed FSS should be mainly caused by shape-and strain-induced wave function asymmetry. [15] [16] Previous theoretical studies 30 and recent 
32-34
The rotation of the polarization axis by 90 degrees away from the elongation direction of the QDs, as seen in the DQDs, provides evidence for an important role of a directional PZ field in inducing FSS. We therefore attribute the observed FSS to a combined effect of shape anisotropy and strain- by a reduction in the directional piezoelectric field so that its compensation to the effect induced by the shape anisotropy is more complete. The reduction in the piezoelectric field is related to a weak and less directional strain field experienced by each QR and each QD in the QCs, which is also responsible for the overall higher symmetry of these QMSs since their formation is strain driven. As the elongation direction of an individual QD in the QC is largely random and probably the piezoelectric field is auto-correlated with the QD shape anisotropy (thus strain field induced by
In incorporation), the polarization axes of the bright exciton states also become randomly oriented in agreement with our experimental results. The suggested compensation between the effects induced by the shape anisotropy and the piezoelectric field is also consistent with our experimental finding that the FSS is nearly spectrally independent. This is because it has been shown that FSS induced by the same degree of the shape anisotropy should increase with increasing photon energy (i.e. for smaller QDs) whereas that the piezoelectric field does the opposite, 15 resulting in a cancellation in the spectral dependence of the FSS between the two effects. As to possible sources for the remaining small and non-vanishing FSS, besides an incomplete compensation between the effects of the shape anisotropy and the piezoelectric field, intrinsic effects such as interfacial symmetry lowering and its enhancement by atomistic elasticity, 35 atomic-scale alloy randomness 36 and fluctuation of charged defects in the environment nearby the QMSs could also lead to a small value of the FFS ( FSS  < 10 µeV) that occur even in strain-free QD systems.
Our suggested model of the combined effect of the shape-and strain-induced anisotropy of the exciton confinement potential could also provide a possible explanation for the large FSS often reported in isolated single QDs grown in the strain-driven Stranski-Krastanov (SK) mode, i.e. 40-1000 µeV. 15 In the case of such isolated QDs, the shape elongation is usually found to be along the [11 ̅ 0] crystallographic axis that coincides with the piezoelectric field. In sharp contrast to the compensation between the effects of the shape anisotropy and the piezoelectric field in our QMSs, these two effects are additive in the case of these isolated QDs. This leads to a large FSS reported in the isolated QDs, even larger than the DQDs studied in our work as one could expect.
The attractiveness and feasibility of the general idea in our approach of suppressing FSS by exploiting lateral QMSs is further bolstered by the success of QMS growth by a variety of growth methods besides the partial-capping-regrowth process employed in this work, such as the technique combining MBE and in situ etching, 37-39 droplet epitaxy, 40 partial capping and annealing, 41,42 a hybrid growth approach utilizing both droplet homoepitaxy and SK growth on self-assembled nanomound templates, 43 etc.
Conclusions
In summary, our work demonstrated a possible pathway for suppressing FSS by nanoscale engineering exploiting the self-organized QMSs. We directly tackled the problem of strain-induced 
Methods/Experimental
The studied samples are a set of self-organized InGaAs/GaAs QMSs grown in the SK mode by gas-source MBE on a (001) semi-insulating GaAs substrate. They include QRs, lateral-aligned obtained from the studied QMSs.
